The antifungal activity of 40 coumarins was tested against the fungal strains: Candida albicans (ATCC 14053), Aspergillus fumigatus (ATCC 16913) and Fusarium solani (ATCC 36031), using the broth microdilution method. Osthenol showed the most effective antifungal activity among all the compounds tested, with a MIC value of 125 μg/ml for Fusarium solani and 250 μg/ml for Candida albicans and Aspergillus fumigatus. The antifungal potential of this prenylated coumarin can be related to the presence of an alkyl group at C-8 position.
Introduction
Coumarin (a derivative name from the plant Coumarouna odorata) is a member of a class of compounds called benzopyrones which consist of fused benzene and α-pyrone rings. Nearly one thousand coumarins have been described (Bruneton, 1995) and they are widely distributed in the vegetable kingdom, particularly in angiosperms. Most of these are secondary metabolites of green plants but some are produced in fungi and bacteria (Murray, 1978) .
In 1822, Vogel isolated and purified coumarin from the tonka bean (Dipteryx odorata) (Bruneton, 1995) . Coumarin is used in the cosmetic, perfumery and household products industry because of its pleasant bitter-sweet odour (Egan et al., 1990) . In 1954, the Food and Drugs Administration, USA (FDA) banned its use in food because of reports on coumarin producing hepatotoxicity in rats. Although hepatotoxic in rats, coumarin is not hepatotoxic in other species, including mice, hamsters and gerbils, because coumarin-induced rat liver toxicity is metabolism-dependent (Lake and Grasso, 1996) .
In view of the established low toxicity, relative cheapness, and presence in the diet, coumarins and their derivatives have been found to exhibit a wide range of biological and pharmacological activities (Hoult and Payá , 1996) . Warfarin is a particular well-known coumarin which is used as an 0939Ð5075/2008/0100Ð0021 $ 06.00 " 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://www.znaturforsch.com · D oral anticoagulant (Pineo and Hull, 2003) , but the coumarins also have long been recognized to possess antioxidant (Tyagy et al., 2005) , anti-inflammatory (Kontogiorgis and Hadjipavlou-Litina, 2003) , antifilarial (Tripathy et al., 2000) , antiulcerogenic (Bighetti et al., 2005) , trypanocidal (Alvim et al., 2005) , antibacterial (Kayser and Kolodziej, 1999) , antitumour (Kempen et al., 2003) and anti-HIV activities (Uchiumi et al., 2003) .
In the present study the antifungal activity of a series of naturally occurring and synthetic coumarins was evaluated against three fungal species: Candida albicans, Aspergillus fumigatus and Fusarium solani using the broth microdilution method.
Materials and Methods

Test compounds
Thirty five natural coumarins, three of a commercial source and two obtained by simple modification were assayed in the present work. The identity of natural and semi-synthetic compounds was proved by comparison of their spectroscopic data ( 1 H and 13 C NMR) with literature data (Table I) .
Antifungal susceptibility testing
The antifungal activity of coumarins was investigated by estimating the minimal inhibitory concentration (MIC) using broth microdilution tech- To induce conidium and sporangiospore formation the fungi were grown on potato dextrose agar (Oxoid, Hampshire, UK). MIC values were determined in RPMI-1640 medium, with glutamine and without sodium bicarbonate (Cultilab, Sã o Paulo, Brazil), buffered to pH 7.0 with morpholinepropanesulfonic acid (MOPS) (Fisher Scientific, Pittsburgh, PA, USA). The starting inoculum for filamentous fungi corresponded to approx. 0.4 · 10 4 to 5 · 10 5 CFU/ml, and for the yeast to 0.5 · 10 3 to 2.5 · 10 3 CFU/ml. The coumarins were dissolved in dimethyl sulfoxide (DMSO) (Merck, Darmstadt, Germany) and diluted with RPMI-1640 medium to a concentration of 2000 μg/ml. Further 1: 2 serial dilutions were performed by addition of RPMI-1640 medium, and 100 μl of each dilution were distributed in 96-well plates; each test and growth control well was inoculated with 100 μl of inoculum suspension to reach a final concentration range of 1000 μg/ml to 15.6 μg/ml. The growth control contained RPMI-1640 medium, DMSO without test substance; the sterility control contained RPMI-1640 medium, the test substance without fungal inoculum. The standard drugs amphotericin B and fluconazole were used as positive controls. Microtiter trays were incubated at 35 ∞C for 46Ð 50 h for filamentous fungi and 24 h for the yeast Candida albicans.
All experiments were performed in duplicate. The MIC was defined as the lowest concentration of the coumarin which resulted in total inhibition of the fungal growth, detected visually. The results are expressed in μg/ml and mm.
Results and Discussion
Coumarins display wide variations in the benzopyrone nucleus. Therefore, their structural modifications were evaluated for antifungal activity in order to obtain insight into structure-activity relationships. Fungal susceptibility to coumarins was evaluated by determining the minimal inhibitory concentration (MIC). In Table II the antifungal activity of different coumarin derivatives is shown.
Coumarin per se (1) was low active against Candida albicans, Aspergillus fumigatus and Fusarium solani. Sardari et al. (1999) also observed similar results against Candida albicans. The addition of a methyl group at position C-6 to the aromatic nucleus of the coumarin core structure (compound 2) maintained the same antifungal activity against fungal species, but a methyl group at position C-7 (compound 14) resulted in diminished antifungal activity against Candida albicans.
6-Hydroxycoumarin (3) showed MIC values higher than 500 μg/ml against A. fumigatus. A similar inexpressive antifungal effect for 6-hydroxycoumarin was observed by Jurd et al. (1971) against Candida tropicalis, Saccharomyces cerevisiae, Aspergillus flavus, Aspergillus niger and Alternaria spp.
Varied substitution patterns as 6-and 7-O-acetyl groups (compounds 4 and 15), 6-and 7-O-methyl groups (compounds 5 and 13), a 6-amino group (compound 8), a 6-carboxy function (compound 9), and a 6-cyano group (compound 10) resulted in low activity against Candida albicans, Aspergillus fumigatus and Fusarium solani. Also the addition of halogen groups at positions C-6 and C-7 [6-chlorocoumarin (6), 7-chlorocoumarin (16) and 6-iodocoumarin (7)] did not show significant antifungal activity.
Among the monosubstituted coumarins, 6-nitrocoumarin (12) presented the best antifungal activity, but only against F. solani, the MIC was 125 μg/ml (0.65 mm).
The antifungal activity of the monosubstituted coumarins studied did not depend on the substitution pattern in the coumarin nucleus, not even on the characteristics of the substituting groups. So, if some structure-activity relationship might be discussed, the hypothesis about a possible speciesspecific activity cannot be discarded (Godoy et al., 2005) .
The di-and trisubstituted coumarins (18Ð22) did not show relevant antifungal activity. According to Jurd et al. (1971) 6,7-di-hydroxycoumarin (esculetin, 19) did not show antifungal activity.
Within the group of prenylated coumarins, osthenol (26) showed the most prominent activity against fungal species, with a MIC of 125 μg/ml (0.54 mm) for F. solani and 250 μg/ml (1.08 mm) for C. albicans and A. fumigatus. Earlier studies, in Table II . Antifungal activity, expressed as MIC [μg/ml (mm)], of coumarins against three fungal strains.
Coumarin
Candida albicans Aspergillus fumigatus Fusarium solani
Monosubstituted coumarins Coumarin (1) 500 (3.42) 1000 (6.84) 500 (3.42) 6-Methylcoumarin (2) 500 (3.12) 1000 (6.24) 500 (3.12) 6-Hydroxycoumarin (3) 500 (3.08) Ͼ1000 (6.16) 500 (3.08) 6-O-Acetylcoumarin (4) 500 (2.44) 500 (2.44) 1000 (4.89) 6-Methoxycoumarin (5) 500 (2.83) Ͼ1000 (5.67) 500 (2.83) 6-Chlorocoumarin (6) 500 (2.76) 1000 (5.53) 500 (2.76) 6-Iodocoumarin (7) 500 (1.83) 1000 (3.67) 500 (1.83) 6-Aminocoumarin (8) 500 (3.10) 1000 (6.20) 1000 (6.20) 6-Carboxycoumarin (9) 1000 (5.25) Ͼ 1000 (5.25) 1000 (5.25) 6-Cyanocoumarin (10) 500 (2.92) 1000 (5.84) 250 (1.46) 6-Aldehydocoumarin (11) 500 (2.87) 1000 (5.74) 250 (1.43) 6-Nitrocoumarin (12) 500 (2.61) 500 (2.61) 125 (0.65) 7-Methoxycoumarin (13) 500 (2.83) 1000 (5.67) 1000 (5.67) 7-Methylcoumarin (14) 1000 (6.24) 1000 (6.24) 500 (3.12) 7-O-Acetylcoumarin (15) 250 ( (Souza et al., 2005) .
Osthenol is a compound with prenylation at C-8, and this could be related to the relative lipophilicity of osthenol, which favours its permeation more efficiently through the lipid layer of the fungi (Rehman et al., 2005) . In the same way the free hydroxy group at position C-7 suggests that those groups are required for good antifungal activity (Sardari et al., 1999) .
However, the coumarin balsamiferone (25) also has a free hydroxy group at position C-7, but did not show good antifungal activity. It is possible that the two prenyl chains at C-3/C-6 reduced the antifungal activity like the presence of OMe at C-7 and an α, -epoxidation of the C-8 prenyl group (phebalosin, 24) and the prenyl chain at C-7 of the coumarin 7-O-geranyl-esculetin (27). Hence, in prenylated coumarins, the pattern of substitution and the characteristics of the substituting groups are important for their antifungal activity.
The furanocoumarins 28Ð36 were ineffective against A. fumigatus and F. solani. Only the coumarin bergaptene (28) showed a MIC value of
